Since N03-availability in the rooting medium seriously limits symbiotic N2 fixation by soybean (Glycine max [L.] Merr.), studies were initiated to select nodulation mutants which were more tolerant to N03-and were adapted to the Midwest area of the United States. Three independent mutants were selected in the M2 generation from ethyl methanesulfonate or N-nitroso-N-methylurea mutagenized Williams seed. All three mutants (designated NODI-3, NOD2-4, and NOD3-7) were more extensively nodulated (427 to 770 nodules plant-1) than the Williams parent (187 nodules plant1) under zero-N growth conditions. This Since the nts mutants selected by Gresshofls group were derived from the cultivar Bragg which is a Maturity Group VII line and cannot be grown to maturity under Midwest growing conditions, the current study was initiated to select nodulation mutants from a background which can be field tested in the major Midwest soybean production area. This paper provides the initial characterization of three soybean lines with enhanced nodulation capability which were selected from mutagenized populations of Williams (Maturity Group III).
plant1) under zero-N growth conditions. This provided evidence that the mutational event(s) affected autoregulatory control of nodulation. Moreover, all three mutants were partially tolerant to NO3-; each retained greater acetylene reduction activity when grown hydroponically with 15 millimolar N03-than did Williams at 1.5 millimolar NO3-. The NO3-tolerance did not appear to be related to an altered ability to take up or metabolize N03-, based on solution N03-depletion and on In vivo nitrate reductase assays. Enhanced nodulation appeared to be controlled by the host plant, being consistent across four Bradyrhizobium japonicum strains tested. In general, the mutant lines produced less dry weight than the control, with root dry weights being more affected than shoot dry weights. The nodulation trait has been stable through the M5 generation in all three mutants.
Of the numerous environmental factors which have an effect on soybean (Glycine max L. Merr.) nodulation, NO3-availability plays a key role in Midwest field environments. It is well known that NO3-limits the early phases of nodule initiation, as well as the subsequent functional (nitrogenase) activity of the nodule (8) . Although sensitivity of nodulation to NO3-has been the subject of numerous studies, no definitive reports have been published which elucidate the mechanisms of inhibition. For soybean it appears that the host plant, rather than the bacterial strain, is in primary control of the level of N2 fixation (5) . With Since the nts mutants selected by Gresshofls group were derived from the cultivar Bragg which is a Maturity Group VII line and cannot be grown to maturity under Midwest growing conditions, the current study was initiated to select nodulation mutants from a background which can be field tested in the major Midwest soybean production area. This paper provides the initial characterization of three soybean lines with enhanced nodulation capability which were selected from mutagenized populations of Williams (Maturity Group III).
MATERIALS AND METHODS

Plant Material
Soybean (Glycine max [L.] Merr., cv Williams) seeds were mutagenized with EMS or NMU as previously described (17) . In brief, the four mutagen-treatments (two chemicals and two postwash intervals) consisted of presoaking all seed for 16 h in vigorously aerated water, then treating separate seed lots for 2 h with 50 mM EMS or 5 h with 2.5 mm NMU, followed by either 5-or 9-h postwashes. The mutagenized seed (designated M,) was planted in the field and, at maturity, the four M2 seed lots were individually bulk harvested. The M2 seed lots were then screened for nodulation mutants either in the field or in greenhouse gravel beds.
SCREENING PROCEDURE Field Screen
The field nodulation screen consisted of planting mutagenized M, seed into a field plot that had been fertilized with 180 kg N ha-' as NH4NO3. The 
Greenhouse Screen
The greenhouse nodulation screen consisted of growing plants hydroponically in gravel beds which were subirrigated from 50-L nutrient barrels, similar to the field system previously described (7 Of the seedlings selected from the greenhouse screening, one of the more striking lines (NOD3) was derived from NMU (5-h postwash) treated seed. Subsequent studies were conducted with M5 generation seed from a single M3 plant (hereafter designated NOD3-7). All three mutants (NOD1-3, NOD2-4, and NOD3-7) are independent, since they were selected from different mutagenized seed lots.
EVALUATION OF MUTANTS Plant Culture
Soybean seeds were surface sterilized with ethanol for 10 s, then 1% (v/v) sodium hypochlorite (diluted commercial bleach) for 3 min, followed by deionized distilled water. Seeds were planted in autoclaved sand in trays which were watered from the bottom with distilled water as needed. Germination was in a growth chamber maintained at day/night temperatures of 29°C/20°C ± 1°C and a 14-h photoperiod at 400 to 600 umol photons m-2 s-' (measured at plant tops with a LI-185A quantum sensor, Lambda Instruments Co., Lincoln, NE). At d 7, seedlings were removed from the sand, inoculated by dipping the roots for 10 min in a suspension (109 cells/ (NH4)6Mo7024. Nitrate treatments were as noted below with specific experiments. The solution pH was maintained at pH 6.5 ± 0.5 by the use of ion exchange resin columns as previously described (10) .
Comparison of Three Nodulation Mutants and Williams
The experiment involved two NO3-levels (0 and 5.0 mM), four soybean lines (NOD1-3, NOD2-4, NOD3-7, and Williams), two B. japonicum strains (USDA 26 and tan 4b), and three replications. (The tan 4b strain was previously selected as a mutant from USDA 26 and had been reported to have greater nodulation capacity [13] .) Each 7-L pot contained one plant of each line. A replication involved pooling three plants of a given line, one each from three pots. Nitrate levels were monitored as previously described (9) and replenished daily to maintain the original NO3-levels. At the end of the experiment (28 d after planting), plants were harvested and separated into shoots and roots at the cotyledonary node. Analyses were conducted for nodule number, acetylene reduction activity, and dry matter of nodules, shoots, and roots.
Determination of NO3-Uptake Rate
The experimental procedure, with exceptions noted below, was as indicated under "Plant Culture" using 2-L black polystyrene pots and one N03-level (5.0 mM) with four pots per treatment. The seedlings were not inoculated in order to evaluate uptake and reduction of NO3-in the absence of confounding N, fixation. Four seedlings of a given line (NOD 1-3, NOD2-4, NOD3-7, and Williams) were transplanted to individual pots. Nitrate depletion was monitored every 24 h, as noted earlier, and a complete nutrient change was made on d 9 following transplant and initiation of the NO uptake study. Nutrient N03-levels on d 9 had been depleted to 15 to 35% of the initial 5 mm level with the four genotypes. The experiment was terminated at 2 weeks posttransplant, and plants were assayed for root and shoot dry matter, total N, and N03--N contents. At termination, nutrient N03-levels ranged from 23 to 46% of the initial 5.0 mM level with the four genotypes.
Acetylene Reduction Assay
Plant roots were severed from the shoot and individually placed in 500 mL jars. The jars were sealed and 50 mL of acetylene was injected through a septum fitted into the lid. The nodulated roots were incubated for 30 min at 30°C and 0.5 mL subsamples were analyzed for ethylene production by flame ionization gas chromatography (Hewlett Packard 5890A Gas Chromatograph). Acetylene and ethylene peaks were quantified with a Nelson analytical 3000 series gas chromatography system (Nelson Analytical Inc., Cupertino, CA) interfaced to an IBM personal computer for data reduction. After the assay, the nodules were removed from the roots and counted. Plant roots and nodules were then dried for dry matter determinations.
RESULTS AND DISCUSSION
Nodulation Characteristics
Nodule numbers, dry weights, and acetylene reduction activities of the three mutants and of Williams were markedly higher at 0 than at 5 mm NO3- (Table I (14, 16) . Preliminary grafting studies between the Williams parent and the NOD3-7 mutant (data not shown) supported the previous conclusion (3, 4) that the nodulation phenotype is shoot controlled.
Acetylene reduction activity of all three mutants was significantly higher than for Williams at both 0 and 5 mM N03-levels, respectively (Table I visually selected following growth under NO3-levels which partially inhibited nodulation of the parent, subsequent studies indicated that the same lines would likely have been selected in the absence of any NO3-. The screen in the presence of NO3-did, however, accentuate the difference, since the nodulation pattern for the Williams parent was more sensitive to NO3-than for the selected mutant lines. 
Root and Shoot Dry Weight
Averaged over NO3-treatments, root and shoot growth of all nodulation mutant lines was decreased, relative to the Williams parent, with root growth being affected more than shoot growth (Table I) . Nodulation mutants previously selected (1, 2) from the Bragg background also showed tendencies for restricted root growth, leading that group to conclude that nodulation effectively competed with roots for available carbohydrate. Whether these differences in root growth, relative to respective parent lines, are linked to the nodulation phenotype remains to be established. All lines responded to added NO3-with increased root and shoot growth, although the Williams parent was more responsive. This accounted for the statistically significant line x NO3-interaction noted for both root and shoot dry weights (statistics not shown).
Nitrate Uptake and Reduction
The cumulative rate of NO3-uptake per plant was similar for Williams and the NOD2-4 line over the 144 uptake period (Fig. 1) . The NOD1-3 and NOD3-7 lines had similar cumulative NO3-uptake rates per plant, both being significantly lower than the Williams control and the NOD2-4 line.
Consistent with NO3-uptake results, the NOD3-7 line accumulated less shoot and root reduced N, and the NOD1-3 line accumulated less shoot reduced N, compared to the Williams control (Table II) (2) . The observation that nodulation of our selected mutants was, however, partially inhibited by NO3- (Table I) does not allow one to totally rule out involvement of uptake and metabolism of NO3-in the nodulation response. The observation that root growth of the mutants was less than that of Williams in this study (Table II) 4b and which had been reported to have enhanced nodulation capacity [13] ). From these limited data, however, it was concluded that the host plant was responsible for the observed phenotypic nodulation expression. A similar preliminary conclusion was drawn with respect to six of the nts mutants which nodulated equally well with two B. japonicum strains (1).
Conclusions
The overall similarity in phenotype of the nodulation mutants described in this paper 
